Immunofluorescence images (<https://osf.io/e5ckg/>) and analysis code (<https://osf.io/b438a>) are available in the Open Science Framework database. All simulations were performed using a custom solver added to the LMES software, which is available on our website: <https://www.robertslabjhu.info/home/software/lmes/>.

Introduction {#sec001}
============

How the numerous neuronal subtypes of the vertebrate nervous system are patterned is an ongoing puzzle in developmental neurobiology. Are neuronal subtypes distinct states generated by binary gene expression decisions? Or are they highly complex with ranges of graded gene expression? The answers likely lie somewhere in between, with some genes expressed in a simple switch-like fashion and other genes expressed across a range of levels to define cell fate. A challenge is to understand how cells interpret regulatory inputs to generate complex patterns of binary and graded cell fates across tissues. Here, we address this question in the context of cone photoreceptor patterning in the mouse retina.

Photoreceptors detect and translate light information into electrical signals, triggering the neuronal network yielding visual perception. There are two main classes of image-forming photoreceptors: rods and cones. Rods are mainly used in night vision, while cones are used in daytime and color vision. In most mammals, cones express S-opsin, which is sensitive to blue or UV-light, and M-opsin, which is sensitive to green light \[[@pcbi.1007691.ref001], [@pcbi.1007691.ref002]\].

The common laboratory mouse, *Mus musculus*, displays complex patterning of cone opsin expression across its retina, providing an excellent system to study binary and graded features of cell fate specification. The dorsal third of the retina is mostly comprised of cones that express M-opsin, and a minority that exclusively express S-opsin. In the central region, most cones co-express S- and M-opsin, with small subsets that express only S- or only M-opsin. The majority of the ventral region contains cones that co-express S- and M-opsin, with significantly higher levels of S-opsin compared to M-opsin \[[@pcbi.1007691.ref002]--[@pcbi.1007691.ref007]\]. Here, we expand upon these pioneering studies to examine cone patterning along the complete dorsal to ventral (D-V) axis of the mouse retina and quantitatively model how regulatory inputs influence cone cell patterning.

Cone subtype fate is not only characterized by opsin expression, but also connectivity. Two cone subtypes have been defined primarily on connectivity to downstream bipolar neurons. 3--5% of cones are "genuine" S cones that express S-opsin only and connect to blue-cone bipolars. The remaining cones express S-opsin only, M-opsin, or both S-opsin and M-opsin and do not connect to blue-cone bipolars \[[@pcbi.1007691.ref007]\]. The regulatory relationship between connectivity and opsin expression during cone subtype specification has not been established. In this work, we focus on the binary and graded nature of opsin expression, specifically examining this aspect of cone subtype fate.

Cone opsin expression is regulated by thyroid hormone (TH) signaling. TH and the nuclear thyroid hormone receptor Thrβ2 are important for activating M-opsin and repressing S-opsin expression \[[@pcbi.1007691.ref008]\]. TH exists in two main forms: T4, the circulating form, and T3, the form that binds with high affinity to nuclear receptors and acts locally to control gene expression \[[@pcbi.1007691.ref009], [@pcbi.1007691.ref010]\]. T3 levels are highest in the dorsal part of the mouse retina and decrease ventrally \[[@pcbi.1007691.ref008]\]. Deiodinase 2 (Dio2), an enzyme that converts T4 to T3, is expressed at high levels in the dorsal region of the mouse retina, and is thought to maintain the gradient of T3 in the adult retina \[[@pcbi.1007691.ref011], [@pcbi.1007691.ref012]\]. T3 is sufficient to induce M-opsin expression and repress S-opsin expression \[[@pcbi.1007691.ref008]\].

Thrβ2, a receptor for TH, is expressed in all cones of the retina \[[@pcbi.1007691.ref013], [@pcbi.1007691.ref014]\]. Thrβ2 acts as a transcriptional repressor in the absence of T3 binding, and as a transcriptional activator when T3 is bound \[[@pcbi.1007691.ref015]\]. Thrβ2 activity is required for expression of M-opsin and repression of S-opsin \[[@pcbi.1007691.ref008], [@pcbi.1007691.ref016]--[@pcbi.1007691.ref020]\]. Additionally, RXRγ, a hetero-binding partner of Thrβ2, is necessary for repressing S-opsin in dorsal cones \[[@pcbi.1007691.ref013]\]. The transcription factors Vax2 and Coup-TFII, which regulate and respond to retinoic acid levels, have also been implicated in photoreceptor patterning \[[@pcbi.1007691.ref021], [@pcbi.1007691.ref022]\]. For this study, we focus on modeling the contributions of TH and Thrβ2 to cell fate outcomes.

We desired to quantitatively model cone fate specification in the mouse retina. Our current theoretical understanding of cell fate determination within a tissue describes individual cell types as distinct valleys on an \"epigenetic landscape\" \[[@pcbi.1007691.ref023]--[@pcbi.1007691.ref027]\]. Cells make fate decisions by transitioning to one of these \"attractor\" states on the landscape \[[@pcbi.1007691.ref028]\]. Differences in gene expression between the states give rise to phenotypic differences between cell types. However, clustering based on single-cell transcriptomics data alone misses subpopulations unless hidden variables are accounted for \[[@pcbi.1007691.ref029], [@pcbi.1007691.ref030]\].

Recently, computational work has also focused on developing mechanistic models of cell-fate decisions \[[@pcbi.1007691.ref031]--[@pcbi.1007691.ref033]\], especially the formation of patterns in time and space \[[@pcbi.1007691.ref034], [@pcbi.1007691.ref035]\]. Multiscale approaches that combine probabilistic and deterministic models of tissues at the scale of individual cells have shown promise in helping to elucidate the details of tissue patterning \[[@pcbi.1007691.ref036]--[@pcbi.1007691.ref040]\]. The zebrafish and goldfish retina have been studied to model cell fate decision making based on anticlustering mechanisms that give rise to a lattice structure of differentiated cell types \[[@pcbi.1007691.ref041]--[@pcbi.1007691.ref043]\]. The highly variable arrangement of cone subtypes in the D-V axis of the mouse retina provides a paradigm to develop computational approaches that describe complex patterns of cell types across a tissue \[[@pcbi.1007691.ref003], [@pcbi.1007691.ref007], [@pcbi.1007691.ref044]\].

Here, we present a multiscale computational model describing the emergence of the complex arrangement of cone cells found in the adult mouse retina using both probabilistic and deterministic methods. We collect data for the model from analysis of immunofluorescence images of adult retina tissues to identify and map individual cones along the entire D-V axis of the mouse retina. Based on opsin expression in the individual cells, we find that terminally differentiated cones can be classified into two main subtypes: S-only cones and co-expression competent (CEC) cones. The S-only cones express S-opsin only, whereas the CEC cones express M- and/or S-opsins in opposing dorsal-ventral gradients, with higher levels of M-opsin in cones in the dorsal retina and higher levels of S-opsin in cones in the ventral retina. We then use the data to parameterize a mathematical model of a two-step cone patterning process. Step one is a binary choice between S-only fate and CEC fate. If CEC fate is selected, a second mechanism regulates S- and M-opsin expression in a reciprocal, graded manner, along the dorsal-ventral axis. Our quantitative modeling shows that the expression of S- and M-opsins in CEC cells are differentially activated based on dorsal-ventral patterning inputs from T3. Our model closely recapitulates cone patterning observed in the mouse retina and provides insights into how spatial patterning inputs regulate binary and graded features of cell fate in parallel.

Results {#sec002}
=======

Characterization of cone subtype patterning in the mouse retina {#sec003}
---------------------------------------------------------------

To globally characterize patterning of opsin expression in the adult mouse retina at 2 to 8 months old, we first examined the relative intensity of S- and M-opsin expression in the D-V and temporal-nasal (T-N) axes at low resolution for whole-mounted retinas. We immunostained and imaged S- and M-opsin proteins at 100X magnification (see [Materials and Methods](#sec011){ref-type="sec"}). Following image acquisition, we manually rotated each image so that the D-V axis was aligned vertically (**[Fig 1A, 1E and 1I](#pcbi.1007691.g001){ref-type="fig"})**. At this resolution, individual cells cannot be identified, so we instead subdivided each image using a 25 pixel x 25 pixel grid, which is an area containing approximately one to two cells. Within each bin of the grid, we counted the number of pixels that had significant S-opsin signal alone, M-opsin signal alone, or both M- and S-opsin signals. We then normalized each bin by the total number of pixels with expression in that bin. This calculation gave us the relative density of each photoreceptor type by location in the retina (**[Fig 1B, 1F and 1J](#pcbi.1007691.g001){ref-type="fig"})**.

![Analysis of opsin expression intensity across the mouse retina.\
**(A, E, I)** Whole mounted C57BL/6 mouse retina stained for M-opsin (green) and S-opsin (blue). **(B, F, J)** Heatmap displaying the log relative density of pixels that have opsin signal identified in a 25 mm^**2**^ region. **(A)** M-opsin signal. **(B)** Heatmap of total M-opsin density bins. **(C)** Graph of the relative density of pixels that are expressing M-opsin summed horizontally (D---V). **(D)** Graph of the relative density of pixels that are expressing M-opsin summed vertically (T---N). **(E)** S-opsin signal. **(F)** Heatmap of total S-opsin density bins. **(G)** Graph of the relative density of pixels that are expressing S-opsin summed horizontally (D---V). **(H)** Graph of the relative density of pixels that are expressing S-opsin summed vertically (T---N). **(I)** M-opsin and S-opsin (co-expression) signal. **(J)** Heatmap of co-expressing opsin density bins. **(K)** Graph of the relative density of pixels that are co-expressing S- and M-opsin summed horizontally (D---V). **(L)** Graph of the relative density of pixels that are co-expressing S- and M-opsin summed vertically (T---N). T = Temporal, N = Nasal, D = Dorsal, V = Ventral.](pcbi.1007691.g001){#pcbi.1007691.g001}

Next, we quantified global differences in patterning in the D-V and temporal-to-nasal (T-N) dimensions. We averaged the binned density values to obtain the relative density as a function of either D-V (**[Fig 1C, 1G and 1K](#pcbi.1007691.g001){ref-type="fig"}**) or T-N position (**[Fig 1D, 1H and 1L](#pcbi.1007691.g001){ref-type="fig"}**). We observed distinct transitions in both S- and M-opsin expression along the D-V axis. High levels of M-opsin in the dorsal region exhibit a gradual transition to low levels in the ventral region (**[Fig 1C](#pcbi.1007691.g001){ref-type="fig"}**). In contrast, S-opsin shows a rapid transition from zero to high expression in the D-V axis (**[Fig 1G](#pcbi.1007691.g001){ref-type="fig"}**). As these opsins display an inverse yet non-complementary relationship, co-expression was most prominent in the middle third of the retina where these two transitions overlap (**[Fig 1K](#pcbi.1007691.g001){ref-type="fig"}**). We observed minimal variation in S- and M-opsin signal in the T-N axis (**[Fig 1D, 1H and 1L](#pcbi.1007691.g001){ref-type="fig"}**). We imaged and analyzed six wild-type retinas at this resolution and saw a similar pattern in each (**[S1 Table](#pcbi.1007691.s002){ref-type="supplementary-material"}**). Together, we observed differential graded patterning for S- and M-opsin expression along the D-V axis (**[Fig 1C, 1G and 1K](#pcbi.1007691.g001){ref-type="fig"}**).

Analysis at single cell resolution reveals two distinct cone subtype populations {#sec004}
--------------------------------------------------------------------------------

To further investigate photoreceptor patterning along the D-V axis, we next analyzed cone subtype specification at the single-cell level. For the same six retinas, we imaged S- and M-opsin expression at 200X magnification in a strip measuring approximately 600 μm x 6,000 μm aligned vertically along the D-V axis (**[Fig 2A](#pcbi.1007691.g002){ref-type="fig"}**). Previous studies analyzed \~500 μm in the dorsal-ventral axis centered on the transition region \[[@pcbi.1007691.ref007]\], whereas our approach enabled evaluation of the entire \~6,000 μm length of the retina.

![Identification of cone subtypes.\
**(A-S)** Retina stained with antibodies against M-opsin (green) and S-opsin (blue) **(A)** High-resolution region spanning the dorsal to ventral retina. **(B-G)** A region of the dorsal retina. **(F-M)** A region of the central retina. **(N-S)** A region of the ventral retina. **(B, H, N)** Blue and green channels. **(C, I, O)** Green channel only. **(D, J, P)** Blue channel only. **(E, K, Q)** White outline indicates identified M-opsin expressing cells. **(F, L, R)** White outline indicates identified S-opsin expressing cells. **(G, M, S)** White outline indicates identified co-expressing cells.](pcbi.1007691.g002){#pcbi.1007691.g002}

At 200x magnification, we were able to distinguish and identify individual cells. We developed an analysis pipeline to identify the position, size, and boundaries of the outer segment of each cone cell, a process known as segmentation (see **[S1 Text](#pcbi.1007691.s001){ref-type="supplementary-material"}**). Overall, we identified \~250,000 total cells across six retinas. Using these outer segment boundaries, we calculated the expression intensity of M- and S-opsin for each cell. We classified cones into groups expressing M-opsin only (**[Fig 2E, 2K and 2Q](#pcbi.1007691.g002){ref-type="fig"}**), S-opsin only (**[Fig 2F, 2L and 2R](#pcbi.1007691.g002){ref-type="fig"}**), and S- and M-opsin co-expression (**[Fig 2G, 2M and 2S](#pcbi.1007691.g002){ref-type="fig"}**). The pipeline did not identify distinct morphological or size differences among the cone outer segments (**[S1 Fig](#pcbi.1007691.s005){ref-type="supplementary-material"}**). We found that the pipeline's accuracy and false positive rate were comparable to hand-scored retinas (see **[S1 Text](#pcbi.1007691.s001){ref-type="supplementary-material"}**).

After obtaining the outer segment boundaries of the cone cells, we quantified the density of cone subtypes based on opsin expression relative to D-V position. Consistent with our low-resolution analysis, we observed a gradual decrease in the abundance of cones expressing M-opsin in the dorsal to ventral direction (**[Fig 3A](#pcbi.1007691.g003){ref-type="fig"}**), contrasted by a sharp increase in S-opsin expressing cones (**[Fig 3B](#pcbi.1007691.g003){ref-type="fig"}**). We fit these curves to Hill functions to quantify the steepness of the transition (**[S2 Fig](#pcbi.1007691.s006){ref-type="supplementary-material"}**). The transition in the S-opsin expressing cells is extremely sharp with an average Hill coefficient of \~30 while the M-opsin transition is much more gradual with a coefficient of \~2--3.

![Spatial distribution of M- and S-opsins in cone cells.\
Relative density of a cone population summed horizontally across the image and displayed in the dorsal to ventral position. Dotted line represents midpoint of transition zone. **(A)** All M-opsin expressing cells. **(B)** All S-opsin expressing cells. **(C)** M-opsin only expressing cells. **(D)** S-opsin only expressing cells. **(E)** Co-expressing cells.](pcbi.1007691.g003){#pcbi.1007691.g003}

To compare the transition region between retinas, we established a reference point to align the images. Since the S-opsin transition is sharp and an external reference is absent, we used the midpoint of the S-opsin transition from the fit as the reference point. We aligned all of the retinas and overlaid the transition fits (**[S3 Fig](#pcbi.1007691.s007){ref-type="supplementary-material"}**). The relative position of the S-opsin and M-opsin transitions are consistent from retina to retina, suggesting that the transitions in S-opsin and M-opsin expression are driven by a common effector. M-opsin only expressing cones decline at the transition point (**[Fig 3C](#pcbi.1007691.g003){ref-type="fig"}**), coincident with the dramatic increase in S-opsin expression (**[Fig 3B](#pcbi.1007691.g003){ref-type="fig"}**). At this transition point, cones begin to express both S- and M-opsins (**[Fig 3E](#pcbi.1007691.g003){ref-type="fig"}**) and the cone populations are very diverse, comprised of those expressing M-only, S-only, and varying levels of both S- and M- opsins (**[Fig 2H--2M](#pcbi.1007691.g002){ref-type="fig"}**). The fraction of S-only cells gradually increases from \~1% of cones in the dorsal region to \~20--30% in the ventral region (**[Fig 3D](#pcbi.1007691.g003){ref-type="fig"} and [S4 Fig](#pcbi.1007691.s008){ref-type="supplementary-material"}**). These analyses show the differential, inverse responses of S- and M-opsin expression to D-V patterning inputs on the individual cell level.

In a previous study, Haverkamp et al. measured differential opsin expression of cone cells in a window of \~500 μm near the transition point \[[@pcbi.1007691.ref007]\]. In agreement with our data, they observed that \~8--20% of cones expressed only S-opsin. Our results show that this measurement was part of a broader binary decision trend extending much further along the D-V axis in both directions. They also discovered that within this population, in the ventral region where S-only cones are more abundant, about 5% of S-opsin only cones contact S-cone bipolar cells and they classified these as genuine S-cones. These genuine S-cones are evenly distributed across the retina \[[@pcbi.1007691.ref007]\].

To distinguish classes of cone subtypes, we performed a cluster analysis. When considering all cones in the retina, there visually appear to be three groups of cell-types corresponding to the three classifications that we defined earlier: S-only, M-only, and co-expressing. However, when we include the clustering analysis, a different pattern emerges (**[Fig 4A](#pcbi.1007691.g004){ref-type="fig"}**). Expression levels do not cluster around single points, but rather follow along manifolds in the high dimensional space. We used HDBSCAN, a density-based clustering analysis that connects regions of high local density, to generate clusters \[[@pcbi.1007691.ref045]\]. The method identified two distinct clusters of expression (**[Fig 4B](#pcbi.1007691.g004){ref-type="fig"}**). The two clusters are separated by a region of low density in the high dimensional space.

![S- and M-opsin intensities in cones.\
**(A---B)** Clustering analysis of cone populations. Cluster one = dark blue; cluster two = maroon. **(C-H)** Cones are ranked according to the intensity of S- and M-opsin expression levels. Intensity values are represented in arbitrary units. Each point is colored according to the log~10~\[Probability\] of expression levels. A line is drawn on the graph to show the separation between the two discrete populations of S-opsin only and CEC cone populations. **(C)** All cones in the regions imaged. **(D)** Cones in the dorsal 500--750 mm. **(E)** Cones in the dorsal 1500--1750 mm. **(F)** Cones in the central 2500--2750 mm. **(G)** Cones in the ventral 3500--3750 mm. **(H)** Cones in the ventral 4500--4750 mm.](pcbi.1007691.g004){#pcbi.1007691.g004}

To study the properties of these clusters, we calculated the joint probability distribution for S- and M-opsin intensity in individual cells for each retina (**[Fig 4C](#pcbi.1007691.g004){ref-type="fig"}, [S5 Fig](#pcbi.1007691.s009){ref-type="supplementary-material"}**). First, we see an S-only cluster that has high and consistent expression of S-opsin while increasing in abundance along the D-V axis (**[Fig 4D--4H](#pcbi.1007691.g004){ref-type="fig"}, [S6 Fig](#pcbi.1007691.s010){ref-type="supplementary-material"}**). Interestingly, the other cluster changes position in a continuous way, gradually moving from low S-opsin expression and high M-opsin expression in the dorsal region, to moderate S-opsin expression and low M-opsin expression in the ventral region (**[Fig 4D--4H](#pcbi.1007691.g004){ref-type="fig"}, [S6 Fig](#pcbi.1007691.s010){ref-type="supplementary-material"}**).

Thus, these data suggest that the mouse retina contains two main subtypes of cones: 1. S-only cones that have high S-opsin expression independent of D-V position and 2. co-expression competent (CEC) cones that express S- and/or M- opsins dependent upon D-V position. In the ventral region there is a mixture of S-only cones and CEC cones that express M-opsin at a very low level. It is difficult to distinguish these two classes using only S-opsin expression, but as can be seen in **[Fig 4](#pcbi.1007691.g004){ref-type="fig"}**, the two populations are well separated when comparing both M- and S-opsin intensities. The S-only cones identified with our approach may, therefore, contain a subclass corresponding to the genuine S-cones identified by Haverkamp et al., but as we could not distinguish their connectivity to bipolar cells, we are only able to describe the populations of S-opsin only expressing cones.

Expression levels of S- and M-opsin in cone cell subtypes {#sec005}
---------------------------------------------------------

Having classified the major subtypes of cones and related their positions and opsin expression states, we next evaluated the D-V dependence of the opsin expression intensity in individual cones. We quantified opsin expression for all M-opsin expressing cones (**[Fig 5A and 5F](#pcbi.1007691.g005){ref-type="fig"}**), all S-opsin expressing cones (**[Fig 5B and 5G](#pcbi.1007691.g005){ref-type="fig"}**), M- and S-opsin CEC cones (**[Fig 5C and 5H](#pcbi.1007691.g005){ref-type="fig"}**), M-opsin only CEC cones (**[Fig 5D and 5I](#pcbi.1007691.g005){ref-type="fig"}**), and S-opsin only cones (**[Fig 5E and 5J](#pcbi.1007691.g005){ref-type="fig"}**) relative to their D-V positions within the retina.

![Intensity of M- and S-opsins in cones.\
Relative intensity of M- or S-opsin in a cone population (X-axis) is displayed as a function of dorsal to ventral position. Each point is colored according to the log~10~\[Probability\] of expression levels. **(A-E)** Relative intensity of M-opsin expression **(F-J)** Relative intensity of S-opsin expression **(A, F)** All M-opsin expressing cells. **(B, G)** All S-opsin expressing cells. For **(B)**, arrow heads mark two distinct groups of cells in the dorsal region. **(C, H)** CEC cones co-expressing both S- and M-opsins. **(D, I)** M-opsin only expressing CEC cones. **(E, J)** S-opsin only expressing CEC cones.](pcbi.1007691.g005){#pcbi.1007691.g005}

In CEC cones, M-opsin expression levels decrease in the D-V axis, with the midpoint of expression level located at the transition point (**[Fig 5A, 5C and 5D](#pcbi.1007691.g005){ref-type="fig"}, [S7 Fig](#pcbi.1007691.s011){ref-type="supplementary-material"}**). In contrast, S-opsin expression in CEC cells is very low in the dorsal region and increases linearly in the D-V axis starting at the transition point (**[Fig 5F, 5H and 5I](#pcbi.1007691.g005){ref-type="fig"}, [S7 Fig](#pcbi.1007691.s011){ref-type="supplementary-material"}**). The slope of increase for S-opsin is steeper than for the M-opsin decrease (**[S8 Fig](#pcbi.1007691.s012){ref-type="supplementary-material"}**).

Compared to CEC cones, S-only cones have an overall higher expression level of S-opsin, particularly in the dorsal region (**[Fig 5J](#pcbi.1007691.g005){ref-type="fig"}** compared to **G** and **H**). M-opsin expression in S-only cones is significantly lower than the lowest M-opsin expression seen in CEC cones (**[Fig 5E](#pcbi.1007691.g005){ref-type="fig"}**). In **[Fig 5B](#pcbi.1007691.g005){ref-type="fig"}**, this difference can be seen as two distinct lines of density (**[Fig 5B](#pcbi.1007691.g005){ref-type="fig"}**, arrow heads). Together, these analyses defined the expression of S- and M-opsin in the two cone populations in relation to their D-V positions in the retina.

Modeling cone subtype fate decisions {#sec006}
------------------------------------

To interrogate how regulatory inputs could produce the complex pattern of binary and graded cell fates in the mouse retina, we developed a multiscale model describing the probability distributions of the cone subtype decisions (i.e. binary choice) and S- and M-opsin expression levels (i.e. graded) as functions of position along the D-V axis (**[Fig 6](#pcbi.1007691.g006){ref-type="fig"},[S1 Text](#pcbi.1007691.s001){ref-type="supplementary-material"}**). We modeled a 5 mm x 1 mm x 5 μm section of the retina with the long dimension aligned with the D-V axis.

![**Model for cone cell fate specification (A)** A naïve cell (grey) makes a binary decision between S-opsin only (blue) or co-expressing competent (CEC) cone fate (green, cyan or blue). The CEC cone expresses graded levels of M- and S-opsin dependendent on the D-V concentration of thyroid hormone. **(B1-4)** T3 (Thyroid hormone), Thrβ2\* (active Thrβ2 binding T3), FD (fate determinate function), U (undifferentiated cell), S (S-only cone), C (Co-expressing cone), H (Hill function), ϕ (degradation constant of opsin proteins). **(B1)** Binding of T3 to Thrβ2 activates Thrβ2 (Thrβ2\*) **(B2)** Thrβ2 controls the binary decision between S-opsin only/FD(S) or CEC/FD(C) cone fate **(B3)** Thrβ2\* promotes M-opsin expression **(B4)** Thrβ2\* inhibits S-opsin expression, whereas inactive Thrβ2 promotes S-opsin expression.](pcbi.1007691.g006){#pcbi.1007691.g006}

TH signaling activates M-opsin expression and represses S-opsin expression \[[@pcbi.1007691.ref008], [@pcbi.1007691.ref018]\]. T3 is a critical regulator of cone subtype fate in the human retina \[[@pcbi.1007691.ref017]\], and scRNA-seq data suggest that Thrβ2 is expressed in all mouse cones \[[@pcbi.1007691.ref046]\]. Though other diffusible factors and transcription factors play roles \[[@pcbi.1007691.ref013], [@pcbi.1007691.ref021], [@pcbi.1007691.ref022]\], TH signaling is the main and best-understood determinant of cone subtype fate. Thus, we built a simplified model of cone subtype specification based on the dorsal-ventral regulation of cone fates by the gradient of T3.

Within the modeled volume, T3 molecules diffuse according to the deterministic diffusion equation with constant concentration boundaries, establishing a D-V gradient. Roberts et al. (2006) reports a differential gradient in \[T3\] and \[T4\] between the dorsal and ventral regions of whole retina samples, however, it is not known what the intracellular concentrations of T3 are specifically in photoreceptor cells at a single cell level \[[@pcbi.1007691.ref008]\]. For this reason, we use relative values for \[T3\] to build a deterministic diffusion equation (**Eq. S1 in [S1 Text](#pcbi.1007691.s001){ref-type="supplementary-material"}**). Also, within the volume, we modeled \~23,000 individual cones spaced on a hexagonal grid (**[Fig 7](#pcbi.1007691.g007){ref-type="fig"}**). These cells randomly exchange T3 molecules with the surrounding deterministic microenvironment. Within each cone, T3 can bind to and activate Thrβ2 (Thrβ2\*), controlling both fate specification and opsin expression (**[Fig 6B1-4](#pcbi.1007691.g006){ref-type="fig"}**).

![Simulated cone mosaic produced by the quantitative model.\
Simulated cone photoreceptor mosaic generated by the quantitative model displaying expression of S-opsin (blue), and M-opsin (green). A dorsal to ventral region is shown. **(A1, B1, C1, D1)** Complete simulated D-V strip. **(A2, B2, C2, D2)** Zoom in the dorsal region. **(A3, B3, C3, D3)** Zoom in the central region. **(A3, B3, C3, D3)** Zoom in the ventral region. **(A1-4)** S-opsin only cones. **(B1-4)** S-opsin expression in CEC cones. **(C1-4)** M-opsin expression in CEC cones. **(D1-4)** S- and M-opsin expression in CEC cones **(E1-4)** All cones including S-opsin only and CEC cones.](pcbi.1007691.g007){#pcbi.1007691.g007}

For the binary fate decision, we defined a fate determinant function, FD(X). Photoreceptors start in an undifferentiated fate, FD(U), and progress to either the FD(S) (S-only) fate or FD(C) (CEC) fate (**[Fig 6B2](#pcbi.1007691.g006){ref-type="fig"}**). Selection of the FD(S) fate is negatively influenced by Thrβ2\* (**[Fig 6B2](#pcbi.1007691.g006){ref-type="fig"}**). Once cells enter the FD(S) fate, S-opsin is constitutively expressed at a high level regardless of D-V position (**[Fig 6B2](#pcbi.1007691.g006){ref-type="fig"}**). In FD(C) cones, M-opsin expression is induced by Thrβ2\* (**[Fig 6B3](#pcbi.1007691.g006){ref-type="fig"}**). Conversely, S-opsin in FD(C) cells is negatively regulated by Thrβ2\* and positively regulated by inactive Thrβ2 receptors (**[Fig 6B4](#pcbi.1007691.g006){ref-type="fig"}**). Full details of the model are given in the SI Methods 1.2, along with parameterization details.

Model-based simulations recapitulate experimental cone patterning {#sec007}
-----------------------------------------------------------------

To compare the output of our probabilistic model to experimental data sets, we ran a set of 100 individual simulations and calculated the probability distributions of various observables. **[Fig 7](#pcbi.1007691.g007){ref-type="fig"}** shows the output of one simulation. Moving from dorsal to ventral, the model reproduces the gradual increase in the fraction of S-only cones, FD(S) (**[Fig 7A1-4](#pcbi.1007691.g007){ref-type="fig"}**), as well as the sharp transition in CEC cones, FD(C), expressing S-opsin at the transition zone (**[Fig 7B1-4](#pcbi.1007691.g007){ref-type="fig"}**). Similarly, we observed the gradual decrease in the fraction of CEC cones expressing M-opsin (**[Fig 7C1-4](#pcbi.1007691.g007){ref-type="fig"}**). In the overlapping region, there are a significant number of cones that co-express both S- and M-opsins (**[Fig 7D1-4](#pcbi.1007691.g007){ref-type="fig"}**). In the dorsal region, a small number of S-only cones that highly express S-opsin are readily apparent (**[Fig 7A1-2, 7E1-2](#pcbi.1007691.g007){ref-type="fig"}**).

To characterize how well our model recapitulated the observed experimental cell distributions, we calculated the mean density of cells of various phenotypes as a function of D-V position (**[S9 Fig](#pcbi.1007691.s013){ref-type="supplementary-material"})**. These average density profiles compare well to the experimental density profiles shown in **[Fig 3](#pcbi.1007691.g003){ref-type="fig"}**. Together, cone fate patterning and expression levels are highly similar in our model and the imaged retinas: S-only cells (**[Fig 7A2-4](#pcbi.1007691.g007){ref-type="fig"}** compared to **[Fig 2F, 2L and 2R](#pcbi.1007691.g002){ref-type="fig"}**), S-opsin expression in CEC cones (**[Fig 7B2-4](#pcbi.1007691.g007){ref-type="fig"}** compared to **[Fig 2E, 2G, 2K, 2M, 2Q and 2S](#pcbi.1007691.g002){ref-type="fig"}**), and M-opsin expression in CEC cones (**[Fig 7C2-4](#pcbi.1007691.g007){ref-type="fig"}** compared to **[Fig 2E, 2G, 2K, 2M, 2Q and 2S](#pcbi.1007691.g002){ref-type="fig"}**).

We parameterized our model using the mean of all the retinas sampled, which exhibited retina-to-retina variability (**[S2 Fig](#pcbi.1007691.s006){ref-type="supplementary-material"}, [S4 Fig](#pcbi.1007691.s008){ref-type="supplementary-material"}, [S8 Fig](#pcbi.1007691.s012){ref-type="supplementary-material"}**). Therefore, it is not expected that our model will exactly recapitulate the patterning of any individual retina.

We next calculated the probability distributions of S- and M-opsin expression along the D-V axis for our simulation data (**[S10 Fig](#pcbi.1007691.s014){ref-type="supplementary-material"}**). The mean intensity of M-opsin in CEC cones gradually decreases as D-V position increases. The S-opsin distribution shows high expression in the ventral-most region, but has two separate populations in the dorsal region: the highly expressing S-only cells and the lowly expressing CEC cells. The CEC cones converge to zero S-opsin expression in the dorsal region while the S-only cones maintain high expression as they decrease in abundance. Because our simulated distributions are constructed from 100 independent simulations, the probability density of the S-only cones is much smoother than in the experimental data (compare **[S7 Fig](#pcbi.1007691.s011){ref-type="supplementary-material"}** and **[S10 Fig](#pcbi.1007691.s014){ref-type="supplementary-material"}**). The simulated expression features are in agreement with the experimental expression profile (**[Fig 5](#pcbi.1007691.g005){ref-type="fig"}, [S7 Fig](#pcbi.1007691.s011){ref-type="supplementary-material"}**).

We next related the joint probability distributions for the experimental (**[Fig 8A--8E](#pcbi.1007691.g008){ref-type="fig"}**) and simulated (**[Fig 8F--8J](#pcbi.1007691.g008){ref-type="fig"}**) data along the D-V axis. The simulated and experimental data show two distinct populations: 1) S-only cones with high S-opsin expression and no M-opsin expression whose expression levels are independent of D-V position, and 2) CEC cones that gradually change from high M-opsin and low S-opsin expression to moderate M-opsin and high S-opsin expression along the D-V axis. **[S11 Fig](#pcbi.1007691.s015){ref-type="supplementary-material"}** shows the joint probability distribution between S- and M-opsin expression within 250 μm D-V bins for all 100 simulations. In the high resolution simulated data, it is evident that the position of the CEC cell cluster gradually changes with D-V position. Our model closely simulates the experimental data, and supports the hypothesis that cells respond differentially to the same morphogen gradient, producing both binary and graded cell fates.

![D-V cone pattering in simulated and experimental data.\
Cones are ranked according to the intensity of S- and M-opsin expression levels. Intensity values are represented in arbitrary units. Each point is colored according to the log~10~\[Probability\] of expression levels. **(A-F)** Experimental data, as seen in **[Fig 4C--4H](#pcbi.1007691.g004){ref-type="fig"}**. **(G-L)** Simulated data. **(A, G)** All cone cells **(B, H)** Cones in the dorsal 500--750 mm. **(C, I)** Cones in the dorsal 1500--1750 mm. **(D, J)** Cones in the central 2500--2750 mm. **(E, K)** Cones in the ventral 3500--3750 mm. **(F, L)** Cones in the ventral 4500--4750 mm.](pcbi.1007691.g008){#pcbi.1007691.g008}

Correlation between S-opsin and CEC fate decisions {#sec008}
--------------------------------------------------

Our quantitative simulations give us the capacity to test various hypotheses about retinal patterning. We wanted to know whether the gradual decrease in the CEC cone population and the sharp increase in S-opsin expression in these CEC cells were driven by a shared upstream signaling input. If these two processes respond to the same upstream input, we would expect that they should be coupled and be linked by D-V position. If, however, they do not respond to the same input we would expect that their transitions should be independent. In our model, they are coupled through the T3 gradient and we wanted to test if the experimental retinas were also coupled. As the experimental data show large retina-to-retina variability, we performed 100 additional simulations with parameters sampled from normal distributions parameterized using the experimental variance and checked for overlap of the corresponding probability distributions for two observables.

First, we calculated the probability of having a given CEC population fraction at the S-opsin transition point from both our simulations and experimental retinas (**[Fig 9A](#pcbi.1007691.g009){ref-type="fig"}**). Second, we calculated the rate at which the CEC population decreases at the transition point (**[Fig 9B](#pcbi.1007691.g009){ref-type="fig"}**). As can be seen from both plots, the experimental and simulated probability distributions are in good agreement. In particular, the widths of the experimental probability distributions are similar to the widths from the probabilistic simulations. With the small number of experimental data points, we do not assign a level of statistical significance to the overlaps, but they provide qualitative evidence that the two transitions are in fact coupled through a shared upstream input.

![Correlation between CEC fate and S-opsin transitions.\
**(A)** The fraction of CEC cells at the point where the S-opsin transition is at its midpoint. Data are shown for both experimental (red) and modeled (cyan) retinas. **(B)** The slope of the CEC transition at the S-opsin midpoint, for both experimental (red) and modeled (cyan) retinas. Note: the distributions of only 5 of the 6 retinas are included here, as one of the images had major disruptions at the transition zone due to disecting and mounting.](pcbi.1007691.g009){#pcbi.1007691.g009}

Comparison of Thrβ2 mutant retinas to wild-type retinas {#sec009}
-------------------------------------------------------

Finally, to elucidate the effect of the T3 gradient on cone cell patterning in the mouse retina, we dissected and imaged Thrβ2 knockout mutant retinas (ΔThrβ2). In the absence of functional Thrβ2, no M-opsin is expressed \[[@pcbi.1007691.ref005], [@pcbi.1007691.ref008], [@pcbi.1007691.ref018]\]. Consistent with previous work, we observed no M-opsin expression in these mutant retinas. Fluorescence from anti-M-opsin antibodies was nonspecific and stained cell and background with equal intensity (**[S12 Fig](#pcbi.1007691.s016){ref-type="supplementary-material"}**).

The expression of S-opsin in cones was also markedly different between ΔThrβ2 and WT retinas. Both the density of S-opsin-expressing cones and the expression distribution are flat with respect to the D-V axis (**[Fig 10B](#pcbi.1007691.g010){ref-type="fig"}, [S13 Fig](#pcbi.1007691.s017){ref-type="supplementary-material"}**). Also, the relative intensity of the S-opsin signal across the retina was much lower in ΔThrβ2 retinas than the maximum value seen in WT retinas (e.g., from cones in the ventral region). ΔThrβ2 retinas and wildtype retinas were taken at the same time and stained with the same batch of antibody, then imaged with the same laser intensity for comparison of opsin levels. We found that the relative intensity of opsin staining in cones was most similar to the middle region of WT retinas. This effect is consistent with our model in which S-opsin expression is controlled through a combination of negative regulation by active Thrβ2\* and positive regulation by inactive Thrβ2 (**[Fig 6B4](#pcbi.1007691.g006){ref-type="fig"}**).

![ThrB2Δ mouse Intensity Plots.\
Relative intensity of S-opsin cone cells (X-axis) displayed as a function of dorsal to ventral position. Each point is colored according to the log~10~\[Probability\] of expression levels. **(A)** Control Retina, as seen in **[Fig 5F](#pcbi.1007691.g005){ref-type="fig"}**. **(B)** Thrβ2Δ retina.](pcbi.1007691.g010){#pcbi.1007691.g010}

Discussion {#sec010}
==========

In these studies, we described the distribution of cone photoreceptors in the mouse retina and developed a quantitative model for the specification of binary and graded cell fates in response to D-V regulatory inputs. By using high-resolution microscopy combined with automated image analysis, we expanded on previous studies and mapped the cell fate decisions of cone cells across an entire dorsal to ventral region of the mouse retina. By analyzing cell fates in the context of their position in the tissue, we found that cones could be classified into two subclasses with a graded gene expression profile changing nonlinearly. This study exemplifies the benefits of quantitatively analyzing populations of cells in a tissue when classifying fate decisions.

In the mouse retina, we defined two cone subtypes, S-only cones and CEC cones, based strictly on opsin expression profiles. Interestingly, the population of S-only cones in the dorsal region have higher S-opsin expression than most S-only cones in the ventral region (**[Fig 5J](#pcbi.1007691.g005){ref-type="fig"}**). These highly expressing S-only cones are found at a steady density across the D-V axis of the retina. It is possible that this subset of evenly distributed, high S-opsin expressing cells could comprise the "genuine" S-cones that connect to blue-cone bipolar neurons \[[@pcbi.1007691.ref007]\]. We were not able to mathematically distinguish genuine S-cones from the total population of S-only cones. Together, opsin expression and connectivity suggest three possible distinct cone subtypes: 1. CEC cones that do not connect to blue-cone bipolars, 2. "genuine" S-only cones that connect to blue-cone bipolars, and 3. S-only cones that do not connect to blue-cone bipolars. Examination of connectivity in conditions that perturb thyroid hormone signaling may inform the relationship between opsin expression and connectivity and their relationship to cone subtype.

Our study models how the terminal pattern of opsin expression and cone subtypes can be regulated by thyroid hormone signaling. A next step is to address the temporal dynamics of this process during development. Thyroid hormone signaling through Thrβ2 is necessary and sufficient to induce M-opsin and inhibit S-opsin \[[@pcbi.1007691.ref008], [@pcbi.1007691.ref018]\]. S-opsin mRNA is expressed highly in the ventral region and M-opsin mRNA is expressed highly in the dorsal region at P0 \[[@pcbi.1007691.ref047]\]. Interestingly, distinct differences in T3 levels conducted on dorsal and ventral halves are only observed by P10 \[[@pcbi.1007691.ref008]\]. These observations suggest two main possibilities. First, earlier differences in T3 levels may be cell-type-specific and/or below the threshold for detectability and these subtle differences in TH establish the cone subtype pattern. Second, a two-step mechanism controls patterning whereby opsin expression is (1) initially patterned by a TH signaling independent pathway and then (2) maintained and/or reinforced by TH signaling to determine the terminal pattern. As TH signaling is necessary and sufficient to determine the terminal pattern, our model is consistent with either of these possibilities.

Additional developmental studies support our model for cone fate specification. Daniele et al. 2011 studied the effects when S-opsin was knocked out. Mice lacking S-opsin have a significant number of cone cells in the ventral region that do not express any opsin and have disrupted cone morphology. We hypothesize that this degrading cone cell population is the S-only cones. In the cells of the mid and dorsal retinal regions, the M-opsin protein levels are higher than in wild type mice, presumably due to less competition for translation machinery, and therefore higher translation of M-opsin mRNA transcripts. In addition, other factors that modulate opsin levels in could be added to the model, such as RNA transcript availability \[[@pcbi.1007691.ref048]\].

We developed a mathematical model that described both the binary fate specification process of cones and the graded expression of opsins, all driven by an external gradient. Probabilistic modeling of this complex process generated probability distributions that we used to compare with experimentally observed cell distributions to test hypotheses about the connections between cell fates. Probabilistic modeling is now sufficiently mature to perform detailed simulations of tissue-level cell-fate decisions. Combining probabilistic models with high-throughput microscopy is a powerful tool for helping to understand complex relationships in tissues.

These methods advance our understanding of how regulatory inputs influence complex cellular decisions to specify binary and graded cell fates within the same cell type in the same tissue. A next step will be to integrate more signaling inputs into our model for retinal development. Numerous signaling molecules are expressed in D-V gradients and are involved in retinal and cone cell development. Specifically, retinoic acid is an important morphogen that is expressed at high levels ventrally during development, and then at moderate levels in the dorsal region in the adult mouse \[[@pcbi.1007691.ref049], [@pcbi.1007691.ref050]\]. Moreover, further studies would include integrating transcription factor binding partners of Thrβ2 into the model, as Thrβ2 acts as a homodimer and as a heterodimer with RXRγ \[[@pcbi.1007691.ref008]\]. This work represents an important first step towards modeling the complex network of interactions that guide binary and graded cell fate specification.

The retina provides an excellent paradigm to study how signaling inputs generate patterns in two dimensions. The next challenge will be developing models for patterning in more complex 3-dimensional neural tissue found in brain structures. Quantitative modeling has enormous potential to integrate multiple signals across a tissue and build networks to better understand and predict the outcomes of development when variables are changed, for instance in disease states.

Materials and methods {#sec011}
=====================

Ethics statement {#sec012}
----------------

All animals were handled in accordance with guidelines of the Animal Care and Use Committees of Johns Hopkins University under the protocl number MO19A219. All efforts were made to minimize the the stress to animals and the number of animals used.

Animals {#sec013}
-------

Mice (strain C57BL/6) were housed under a 12 h light:12 h dark (T24) cycle at a temperature of 22°C with food and water *ad libitum*. Male and female mice were separately housed in plastic translucent cages with steel-lined lids in an open room. Ambient room temperature and humidity were monitored daily and tightly controlled. Wild-type mice (C57BL/6; Jackson Laboratory), and *Thrb*^*tm2Df*^ mutant mice (gift from the Forrest Lab) were used in this study. *Thrb*^*tm2Df*^ mutant mice specifically knock out expression of Thrβ2, and leave Thrβ1 intact as previously described \[[@pcbi.1007691.ref018]\]. Retinal dissections were performed on mice at 2--8 months old.

Immunohistochemistry {#sec014}
--------------------

Retinas were dissected in PBS, then fixed in fresh 4% formaldehyde in PBS for 1 hour. The dorsal portion of the retina was marked with a cut. Tissue was rinsed 3X for 15 min in PBS. Retinas were incubated for 2 hours in blocking solution (0.2--0.3% Trition X-100, 2--4% donkey serum in PBS). Retinas were incubated with primary antibodies in blocking solution overnight at 4°C. Retinas were washed 3X for 30 min in PBS, and then incubated with secondary antibodies in blocking solution for 2 hours at room temperature. At the end of staining, retinas were cut to lay flat on a slide, and were mounted for imaging in slow fade (S36940, Thermo Fisher Scientific).

Antibodies {#sec015}
----------

Primary antibodies were used at the following dilutions: polyclonal goat anti-SW-opsin (1:200) (Santa Cruz Biotechnology), polyclonal rabbit anti-LW/MW-opsins (1:200) (Millipore). All secondary antibodies were Alexa Fluor-conjugated (1:400) and made in donkey (Molecular Probes).

Microscopy and image processing {#sec016}
-------------------------------

Fluorescent images were acquired with a Zeiss LSM780 or LSM800 laser scanning confocal microscope. Confocal microscopy was performed with similar settings for laser power, photomultiplier gain and offset, and pinhole diameter. Whole retinas were imaged with a 10X objective, and maximum intensity projections of z-stacks (5--80 optical sections, 4.9 μm step size) were rendered to display all cones imaged in a single retina. Retinal strips were imaged with a 20X objective, and maximum intensity projections of z-stacks (5--80 optical sections, 1.10 μm step size) were rendered to display all cones imaged in a single retina. ΔThrβ2 retinas and wildtype retinas were taken at the same time and stained with the same batch of antibody, then imaged with the same laser intensity for comparison of opsin levels.

Segmentation of cone cells from microscopy images {#sec017}
-------------------------------------------------

Microscopy images were analyzed using a custom parallel image processing pipeline in Biospark \[[@pcbi.1007691.ref051]\]. Briefly, each fluorescence channel was first normalized and filtered to remove small bright features. Then, each remaining peak in fluorescence intensity was identified and an independent active contour segmentation \[[@pcbi.1007691.ref052]\] was performed starting from the peak. If the resulting contour passed validation checks it was included in the list of segmented cone cells for the channel. Finally, the outer segment boundaries of cone cells were reconciled across both channels to obtain a complete list of identified cells. Full details are given in the SI Methods.

Modeling cone cells fate decisions and opsin expression {#sec018}
-------------------------------------------------------

Multiscale modeling of the retina strip was performed using a hybrid deterministic-probabilistic method. Diffusion of T3 in the microenvironment of the retinal strip was modeled using the diffusion partial differential equation (PDE). The PDE was solved using an explicit finite difference method. The cone cells were modeled using the chemical master equation (CME) to describe the probabilistic reaction scheme implementing the cell fate decision-making. The CME for each of the 23,760 cone cells was independently sampled using Gillespie's probabilistic simulation algorithm \[[@pcbi.1007691.ref053]\]. Reconciliation between the CME trajectories and the PDE microenvironment was done using a time-stepping approach. Complete mathematical details of the model and simulation methods are available in the SI Methods. All simulations were performed using a custom solver added to the LMES software \[[@pcbi.1007691.ref054]\], which is available on our website: <https://www.robertslabjhu.info/home/software/lmes/>.

Supporting information {#sec019}
======================

###### Supplementary methods.

(PDF)
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Click here for additional data file.

###### Retina image names and genotypes.

(PDF)
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Click here for additional data file.

###### The number of cells identified per subtype by hand (H) and computer (C) annotation.

(PDF)
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Click here for additional data file.

###### Parameters used in the microenvironment model.

(PDF)

###### 

Click here for additional data file.

###### Outer segment size by expression class.

The probability distribution for the outer segment area is shown for each expression class. Columns shows different expression classes, as labeled. Rows show different retinas (RXX). No systematic differences were observed between the classes, but note that retina-to-retina variability in outer segment area is present due to variations in mounting and subsequently the angle of image capture for cone cell outer segments.

(PDF)

###### 

Click here for additional data file.

###### Fitting of cell expression data.

Fraction of cells expressing (left) M-opsin and (right) S-opsin by position along the D-V axis. The data from the microscopy analysis (x) are overlaid with the best fit (line) to a fitting function (see text). Rows show different retinas (RXX).

(PDF)

###### 

Click here for additional data file.

###### Comparison of D-V profiles between retinas.

Overlap of the fraction of cells expressing (left) M-opsin and (right) S-opsin aligned to the transition midpoint as determined from the S-opsin expression profile.

(PDF)

###### 

Click here for additional data file.

###### S-only cell fraction.

Fraction of cells expressing only S-opsin by position along the D-V axis. The data from the microscopy analysis (x) are overlaid with the best fit (line) to a fitting function (see text). Rows show different retinas (RXX).

(PDF)

###### 

Click here for additional data file.

###### Correlation between S- and M-opsin in retinal cells.

Joint probability distributions for the abundance of S-opsin (blue intensity) and M-opsin (green intensity) in cells. Rows show different retinas (RXX). Colors range from log_10\[P\] = −2 (white/yellow) to log_10\[P\] = −6 (red/black).

(PDF)

###### 

Click here for additional data file.

###### Correlation between S- and M-opsin in retinal cells.

Joint probability distributions for the abundance of S-opsin (blue intensity) and M-opsin (green intensity) in cells. Columns show cells binned from four different regions according to distance from the transition midpoint. Rows show different retinas (RXX). Colors range from log_10\[P\] = −2 (white/yellow) to log_10\[P\] = −4 (red/black).

(PDF)

###### 

Click here for additional data file.

###### Expression of S- and M-opsin in retinal cells.

Probability distribution for the abundance of (left) M-opsin and (right) S-opsin in cells by distance from the transition midpoint. Rows show different retinas (RXX). Colors range from log_10\[P\] = 0 (white/yellow) to log_10\[P\] = −4 (red/black).

(PDF)

###### 

Click here for additional data file.

###### Fitting of cell expression intensity data.

Mean intensity in all cells of (left) M-opsin and (right) S-opsin by position along the D-V axis. The data from the microscopy analysis (x) are overlaid with the best fit (line) to a fitting function (see text). Rows show different retinas (RXX).

(PDF)

###### 

Click here for additional data file.

###### Expression in modeled cell populations.

Mean fraction of cells in various cell populations along the D-V axis from numerical simulations of the model. Plots show the mean value computed from 100 independent simulations.

(PDF)

###### 

Click here for additional data file.

###### Opsin concentrations in modeled cells.

Probability distribution of the abundance of S-opsin (blue intensity) and M-opsin (green intensity) in cells along the D-V axis from numerical simulations of the model. Distributions were computed from 100 independent simulations.

(PDF)

###### 

Click here for additional data file.

###### Correlation between S- and M-opsin in modeled cells.

Joint probability distributions for the abundance of S-opsin (blue intensity) and M-opsin (green intensity) in cells located in ∼250μm wide bins along the D-V axis. Colors range from log_10\[P\] = −2 (white/yellow) to log_10\[P\] = −5 (red/black). Distributions were computed from 100 independent simulations. The low density tails leading to 0,0 are from cells that were sampled during the process of switching phenotypes.

(PDF)

###### 

Click here for additional data file.

###### Analysis of pixel intensities in images of ΔTHRβ2 cells.

(left) Joint probability distribution of the blue and green intensity of pixels located either inside of cell boundaries (RXX CELL) or the background outside of cells (RXX BG) as indicated. Colors range from log_10\[P\] = 0 (white/yellow) to log_10\[P\] = −8 (red/black). (center) Probability for a pixel of the indicated type to have a particular blue intensity (solid line) compared with the distribution for all pixels (dashed line). (right) The same for green intensity. **Δ**THRβ2 cells do not exhibit green expression above background.

(PDF)

###### 

Click here for additional data file.

###### Expression of S-opsin in ΔTHRβ2 retinal cells.

Probability distribution for the abundance of S-opsin in cells by distance along the D-V axis. Rows show different **Δ**THRβ2 retinas (RXX). Colors range from log_10\[P\] = 0 (white/yellow) to log_10\[P\] = −4 (red/black).

(PDF)

###### 

Click here for additional data file.

###### Mean retina description.

Comparison of the fits for individual retinas (dashed lines) with our hypothetical mean retina used for model parameterization (solid line) along the D-V axis. The top row shows a comparison of the fraction of cells expressing M- and S- opsin, respectively. The middle row shows the fraction of FD(S) cells. The bottom row shows the mean M- and S-opsin expression intensity, respectively.

(PDF)

###### 

Click here for additional data file.

###### Best fit parameterization.

Comparison of the best fit model parameterization (blue) with the hypothetical mean retina (black). The top row shows a comparison of the fraction of cells expressing M- and S- opsin, respectively. The middle row shows the fraction of FD(S) cells. The bottom row shows the mean M- and S-opsin concentration per cell, respectively.

(PDF)

###### 

Click here for additional data file.
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Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: In this manuscript, Eldred et al. analyze the distribution of M- and S-opsin expression in the mouse retina and use an image analysis approach to model the choice of cone cells to express M-opsin, S-opsin, or both. They first characterize in detail the distribution of the two opsins in six wild-type mouse retinas and reproduce what was already known, i.e. that M-opsin is enriched in the dorsal part of the retina, while S-opsin the ventral part. Reasonably, co-expressing cones are mostly enriched in the middle and mid-ventral part. They then argue that their data agree with a previous study (Haverkamp et al 2005), that stated that instead of having three different populations of cone cells (S-expressig, M-expressing, and co-expressing, there exist two population (S-expressing and co-expression competent cones) and pursue to model these two decisions a cone cells has to make: a) a binary decision to express S-opsin or be competent to express both, and b) a graded decision to express different levels of the two opsins, based on their position on the D-V axis. Interestingly, both decisions are influenced by the presence of thyroid hormone T3, whose levels are higher in the dorsal part of the retina and decrease along the D-V axis. Then, they try to show that their model can recapitulate their wild-type data, as well as the reduction of expression of S-opsin in Thrb2 mutant retinas.

While the paper is well done, well written, and interesting to read and the question is definitely very intriguing, I don't believe that it offers any biological, computational, or conceptual advance to warrant publication in PLoS Computational Biology. The authors repeat what was already known in a quantitative manner and come up with a not-so accurate model, which was already proposed in the past. Moreover, the data that support that their model recapitulates the observed data (i.e. Figures 4, 8, and 9) are the least convincing figures of the manuscript. Please see the major issues with these figures:

\- In Fig. 4, while I have no reason to disagree that there are two populations of cone cells (S-expressing and co-expression competent), this is not shown or supported by these data. The authors manually draw a white dashed line that agrees with their hypothesis, but they could have as easily drawn another white line between the co-expressing population and the M-expressing population, where there is a dip in the yellow portion of the heatmap (approximately in position (0.15,0.02)). I would be far more comfortable with these data, if the white-dashed line was drawn in a "computational" way, rather than manually.

\- In Fig. 8, while the authors argue that their model recapitulates their observations, in fact now the difference between S-opsin expressing cells and M-opsin expressing cells is now more evident. I would have loved to seen the equivalent of Figure 4A in Figure 8, as well. I believe that if the authors overlay Figures F-J, there will be no "dip" between M-opsin expressing cells and co-expressing cells (i.e. the yellow portion will be continuous). This would contradict the observed data and will also justify my previous comment about how the white dashed line was drawn. This is also illustrated by the fact that in Figures 8F-J, the yellow ("hot") region doesn't even "approach" the white dashed line, while in Figures 8D-E, it almost overlaps with it. Again, I am not disagreeing with the biology, rather with the interpretation that the model recapitulates observed data.

\- This becomes even stronger in Figure 9, where the authors argue that experimental and simulated data agree with each other, while this is definitely not is shown in this figure.

Reviewer \#2: General comments:

The manuscript by Eldred et al. offers fresh views and approaches to understanding cell fate decisions, using a highly accessible system within the mouse retina: patterns of expression of M vs. S (vs. both) opsins. While the roles of TRb2, and gradients of T3 for patterning M vs. S expression have been known for some time, the current study and analysis provides finer detail and an interesting new model -- advancing the concept of a binary and then graded cell fate. This study appears to be appropriate for PLOS Computational Biology, and is mostly written in a manner that is understandable by a broad audience (not strictly a computational audience). However, some key methods information is lacking, there is room for clarification in several places, and the manuscript misses an opportunity to compare with existing developmental literature.

Specific comments:

Abstract. Within the abstract, the authors use the term "stochastic model," and while this refers to their tool for estimating probability distributions, it is also confusing because there are a number of "stochastic models" for cone fate decisions out there in the retina world, and these models mean something very different from the binary + graded paradigm the authors propose. This reviewer suggests simply striking out the word "stochastic" from the abstract to avoid this confusion.

Page 3, 2nd paragraph. Superimposed upon the perfect grid of the zebrafish cone mosaic is variable patterning of opsin expression within the L and M populations.

Page 3, 3rd paragraph. Upon reading this section, this reviewer expected the manuscript to contain developmental studies to back up the predicted two-step cone patterning process. The authors should be clear here that the model is based upon analysis of adult retina, and is predictive of development.

Page 3, bottom paragraph. Here and in the Methods, the authors should state the age(s) of animals that were sampled. This information is not clear in the Methods, and readers need to know this at the outset of the Results.

Page 6, top. Was the deterministic diffusion equation informed at all by actual data, or at least consistent with what is known? Roberts et al. (2006) reports dorsal and ventral T3 levels from retinas collected at P0, P4, and P11.

Page 6, middle (and Fig. 6). The authors use the term "stochastically" again in a somewhat confusing/misleading manner, particularly because the "stochastic" progression is influenced by a diffusible ligand binding to its receptor. The component of the model shown in Fig. 6B(2) does not look stochastic.

Page 7, middle. The authors refer to their stochastic simulations, and again the word is unfortunately misleading (even if accurately used). Perhaps here, or earlier in Results, the meaning of stochastic modeling/simulations could be defined?

Page 9. The authors should compare their predictions with what is known of the developmental time-course of M and S opsin patterning (and formation of the T3 gradient) within the literature. Do the two-step results bear out experimentally, or are they at least consistent with the reports from Roberts et al. (2006) and Aavani et al. (2017), among others? If not, how could any conflicts be resolved by either modifying the model or performing experiments? Also missing from the discussion is a mention of the interesting outcome of knocking out S opsin (Daniele et al., 2011) -- M opsin expression increases, speculatively due to reduced competition for translational machinery. This outcome suggests factors other than those offered in the current manuscript can regulate opsin expression levels.

Page 16. Probably the antibodies were polyclonals, but this should be stated.

Page 16. Do the authors mean outer segment boundaries rather than cell boundaries?

Figure 9 took a while to appreciate, and may be easier for a reader to grasp if the X axes had slightly greater scales. As presented, the first impression is that the experimental and simulated positions and slopes do not map on to each other very well.

Reviewer \#3: The manuscript titled \"Modeling binary and graded cone cell fate patterning in the mouse retina\" presents image analysis and computational modeling results that show how photoreceptor cells in the mouse retina develop and differentiate.

This paper is extremely well written, their conclusions are well support by their data, and all of their material is publicly available for reproduction of their results. I see no reason that this paper should not be published immediately.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

Reviewer \#3: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

Reviewer \#3: Yes: Brian Drawert
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16 Jan 2020

Dear Dr. Roberts,

Thank you very much for submitting your manuscript \"Modeling binary and graded cone cell fate patterning in the mouse retina\" for consideration at PLOS Computational Biology. As with all papers reviewed by the journal, your manuscript was reviewed by members of the editorial board and by several independent reviewers. The reviewers appreciated the attention to an important topic. Based on the reviews, we are likely to accept this manuscript for publication, providing that you modify the manuscript according to the review recommendations.

Could you please supply the data on the \"no morphological changes\" result, as indicated by Reviewer \#2.

Please prepare and submit your revised manuscript within 30 days. If you anticipate any delay, please let us know the expected resubmission date by replying to this email. 

When you are ready to resubmit, please upload the following:

\[1\] A letter containing a detailed list of your responses to all review comments, and a description of the changes you have made in the manuscript. Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out

\[2\] Two versions of the revised manuscript: one with either highlights or tracked changes denoting where the text has been changed; the other a clean version (uploaded as the manuscript file).

Important additional instructions are given below your reviewer comments.

Thank you again for your submission to our journal. We hope that our editorial process has been constructive so far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Pedro Mendes, PhD

Associate Editor

PLOS Computational Biology

Mark Alber

Deputy Editor

PLOS Computational Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

A link appears below if there are any accompanying review attachments. If you believe any reviews to be missing, please contact <ploscompbiol@plos.org> immediately:

\[LINK\]

Reviewer\'s Responses to Questions

**Comments to the Authors:**

**Please note here if the review is uploaded as an attachment.**

Reviewer \#1: The authors responded satisfactorily to my comments and, indeed, the presentation of the data is much clearer now. While I stand by my opinion that there is no biological, computational, or conceptual advance, it is true that this level of quantitative analysis is not common in developmental biology papers.

Reviewer \#2: The manuscript has improved, thanks to the authors for their careful attention to responding to all reviewer comments and suggestions.

Only one comment/concern: The removal of (data not shown) does not seem the best way to respect the journal\'s requirements. The outcome stated on page 6, that no morphological or size differences were identified, can certainly be shown as a supplemental figure, or added to an existing supplemental figure.

\*\*\*\*\*\*\*\*\*\*

**Have all data underlying the figures and results presented in the manuscript been provided?**

Large-scale datasets should be made available via a public repository as described in the *PLOS Computational Biology* [data availability policy](http://journals.plos.org/ploscompbiol/s/data-availability), and numerical data that underlies graphs or summary statistics should be provided in spreadsheet form as supporting information.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/ploscompbiol/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: No

[Figure Files:]{.ul}

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, [[https://pacev2.apexcovantage.com](https://pacev2.apexcovantage.com/)]{.ul}. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at [<figures@plos.org>]{.ul}.

[Data Requirements:]{.ul}

Please note that, as a condition of publication, PLOS\' data policy requires that you make available all data used to draw the conclusions outlined in your manuscript. Data must be deposited in an appropriate repository, included within the body of the manuscript, or uploaded as supporting information. This includes all numerical values that were used to generate graphs, histograms etc.. For an example in PLOS Biology see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>.

[Reproducibility:]{.ul}

To enhance the reproducibility of your results, PLOS recommends that you deposit laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see [[http://journals.plos.org/ploscompbiol/s/submission-guidelines\#loc-materials-and-methods](http://journals.plos.org/plospathogens/s/submission-guidelines)]{.ul}
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27 Jan 2020

Dear Dr. Roberts,

We are pleased to inform you that your manuscript \'Modeling binary and graded cone cell fate patterning in the mouse retina\' has been provisionally accepted for publication in PLOS Computational Biology.

Before your manuscript can be formally accepted you will need to complete some formatting changes, which you will receive in a follow up email. A member of our team will be in touch within two working days with a set of requests.

Please note that your manuscript will not be scheduled for publication until you have made the required changes, so a swift response is appreciated.

IMPORTANT: The editorial review process is now complete. PLOS will only permit corrections to spelling, formatting or significant scientific errors from this point onwards. Requests for major changes, or any which affect the scientific understanding of your work, will cause delays to the publication date of your manuscript.

Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us now if you or your institution is planning to press release the article. All press must be co-ordinated with PLOS.

Thank you again for supporting Open Access publishing; we are looking forward to publishing your work in PLOS Computational Biology. 

Best regards,

Pedro Mendes, PhD

Associate Editor

PLOS Computational Biology

Mark Alber

Deputy Editor

PLOS Computational Biology
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2 Mar 2020
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Modeling binary and graded cone cell fate patterning in the mouse retina

Dear Dr Roberts,

I am pleased to inform you that your manuscript has been formally accepted for publication in PLOS Computational Biology. Your manuscript is now with our production department and you will be notified of the publication date in due course.

The corresponding author will soon be receiving a typeset proof for review, to ensure errors have not been introduced during production. Please review the PDF proof of your manuscript carefully, as this is the last chance to correct any errors. Please note that major changes, or those which affect the scientific understanding of the work, will likely cause delays to the publication date of your manuscript.

Soon after your final files are uploaded, unless you have opted out, the early version of your manuscript will be published online. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

Thank you again for supporting PLOS Computational Biology and open-access publishing. We are looking forward to publishing your work!

With kind regards,

Matt Lyles

PLOS Computational Biology \| Carlyle House, Carlyle Road, Cambridge CB4 3DN \| United Kingdom <ploscompbiol@plos.org> \| Phone +44 (0) 1223-442824 \| [ploscompbiol.org](http://ploscompbiol.org) \| \@PLOSCompBiol
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